Stem cells include a diverse number of toti-, pluri-, and multi-potent cells that play important roles in cellular genesis and differentiation, tissue development, and organogenesis. Genetic regulation involving various transcription factors results in the self-renewal and differentiation properties of stem cells. The nuclear receptor (NR) superfamily is composed of 48 ligand-activated transcription factors involved in diverse physiological functions such as metabolism, development, and reproduction. Increasing evidence shows that certain NRs function in regulating stemness or differentiation of embryonic stem (ES) cells and tissue-specific adult stem cells. Here, we review the role of the NR superfamily in various aspects of stem cell biology, including their regulation of stemness, forward-and trans-differentiation events; reprogramming of terminally differentiated cells; and interspecies differences. These studies provide insights into the therapeutic potential of the NR superfamily in stem cell therapy and in treating stem cell-associated diseases (e.g., cancer stem cell).
Introduction
Stem cells have physiologically unique features including self-renewal and maintenance of unspecialized properties that can be manipulated in the presence of certain stimuli. These distinct traits distinguish stem cells from specialized, determined cell types. In general, stem cells are classified into two major types, embryonic stem (ES) cells and adult or somatic stem cells. ES cells are primitive cells derived from various embryonic or fetal stages of development and include three sub-classes: 1) Fertilized embryonic stem cells that are totipotent cells from the fertilized egg to the eight cell stage, 2) blastocyst embryonic stem cells that are pluripotent cells derived from the inner cell mass, and 3) fetal stem cells that are pluripotent cells derived from the fetus (about 8 weeks) itself or multipotent cells from umbilical cord blood. Since the use of embryonic and fetal derived stem cells is controversial in many countries, multi-potent umbilical cord blood cells or induced pluripotent stem (iPS) cells (discussed below) are of interest for research purposes and for their clinical therapeutic potential.
Adult stem cells are undifferentiated cells found in differentiated niches. These niches provide the proper environmental signals to maintain stemness or induce differentiation of stem cells. Lineage-specific progenitors are mostly tissue-specific stem cells that include mesenchymal stem cells (MSCs) for adipose, muscle, or bone; hematopoietic stem cells (HSCs) for blood or bone remodeling; and neural stem cells (NSCs) for the nervous system. Since ethical concerns limit the therapeutic applicability of ES cells in humans, autograft therapy using self-stem cells has been pursued to treat diverse categories of diseases including neurologic abbreviation abbreviation AR NR3C4 Adipogenesis (Singh et al., 2006; Gupta V et al., 2008 ) Myogenesis (Singh et al., 2003 (Singh et al., , 2009 ) COUP-TFβ NR2F2 Adipogenesis (Xu et al., 2008; Li et al., 2009 ) Myogenesis (Bailey et al., 1998 Lee et al., 2004 ) DAX-1 NR0B1 ES cell stemness (Wang et al., 2006; Kim et al., 2008; Sun et al., 2008; Xie et al., 2009 ) ERβ NR3A2 NSC differentiation (Wang et al., 2001; Brannvall et al., 2002; Kishi et al., 2005 ) ERRβ NR3B2 ES cell stemness (Zhou et al., 2007; van den Berg et al., 2008; Zhang X et al., 2008 ) Induce iPS cells (Gu et al., 2005a; Feng et al., 2009 ) GCNF NR6A1 ES cell differentiation (Gu et al., 2005b ) Neuronal differentiation (Sattler et al., 2004; Chung et al., 2006; Akamatsu et al., 2009 (Wallen-Mackenzie et al., 2003; Perlmann and Wallen-Mackenzie, 2004; Blin et al., 2008; Jacobs et al., 2009 ) PPARδ NR1C2 Transdifferentiation (Holst et al., 2003 Wang et al., 2004; Teunissen et al., 2007 ) PPARγ NR1C3 Adipogenesis (Tontonoz et al., 1994; Hu et al., 1995; Fu et al., 2005; Crossno et al., 2006; Yu et al., 2006; Seale et al., 2008; Tang et al., 2008; Walkey and Spiegelman, 2008) Osteoblastogenesis (Akune et al., 2004; Shockley et al., 2009 ) Osteoclastogenesis (Wan et al., 2007 ) Neuronal proliferation and (Park et al., 2004; Wada et al., 2006 ) differentiation Transdifferentiation (Holst et al., 2003 Crossno et al., 2006; Yu et al., 2006; Seale et al., 2008) (Purton et al., 2006; Safi et al., 2009 ) RXRα, β, γ NR2B1, 2, 3 NSC proliferation (?) (Aberg et al., 2008; Tay et al., 2008b; Kim M et al., 2009 ) TLX NR2E1 Neurogenesis (Shi et al., 2004 Liu et al., 2008; Zhang CL et al., 2008) disorders and heart disease in private clinics in many countries (Lau et al., 2008; Kiatpongsan and Sipp, 2009 ). However, the utility of this approach, which is based on transdifferentiation of adult stem cells into functional cell types, is uncertain since the efficacy of transdifferentiation events is quite low (Wagers et al., 2002; Roybon et al., 2006; Xu et al., 2009) . In this regard, iPS cells are rather promising for clinical applicability. Seminal studies on iPS demonstrated that somatic cells can be genetically reprogrammed by a defined set of core transcription factors -Oct3/4, Sox2, Klf4, c-Myc, Nanog, and Lin-28 whose expression is sufficient for the reverse-differentiation of fibroblasts into iPS cells (Takahashi and Yamanaka, 2006; Okita et al., 2007; Takahashi et al., 2007) . While safety issues caused by vector integration still prevent the clinical application of iPS cells, the development of non-integrating systems or a precise excision system for integrated vectors is showing promise for resolving this essential issue (Stadtfeld et al., 2008b; Kaji et al., 2009; Woltjen et al., 2009; Park et al., 2008; Stadtfeld et al., 2008a; Kim JB et al., 2009; Loh et al., 2009) . These studies suggest that transcriptional control is a pivotal step in regulating stemness, differentiation, and genetic reprogramming of the differentiated cells back into cellular stemness.
The nuclear receptor (NR) superfamily consists of 48 members of mostly ligand-activated transcription factors involved in diverse physiological events including regulation of stem cell differentiation (Mangelsdorf et al., 1995; Germain et al., 2006; Mullen et al., 2007) . Not only are NRs involved in the pathway of tissue-specific stem cell regulation, but certain NRs also play crucial roles in maintaining ES cells in cooperation with Oct3/4 and Nanog. Although some NRs, individually or in small group, have been studied in the context of developmental and stem cell biology (Mullen et al., 2007; Duester, 2008; Niederreither and Dolle, 2008; Shi et al., 2008) , a comprehensive overview of the NR superfamily in stem cell biology is lacking. Here we focus on reviewing the roles of those NRs that are known to be involved in adult and embryonic stem cell biology. Specific information related to these NRs is summarized in Table 1 . A goal of this review is to provide insight into the potential use of NR superfamily members as both research tools and therapeutic targets for understanding the biology and clinical utility of embryonic, adult, and induced pluripotent stem cells. This overview also highlights interspecies differences (mouse vs. human) with respect to the mRNA expression profile for a subset of NRs in the early differentiation process of embryonic stem cells.
NRs in adult mesenchymal stem cells Adipogenesis
Adipogenesis is an atypical developmental process in that it occurs postnatally, leading to the formation of fat, which plays important roles in regulating energy metabolism and as an endocrine organ (Lefterova and Lazar, 2009 ). This distinctive developmental process occurs when a highly specialized niche of mesenchymal stem cells become committed preadipocytes that differentiate into adipose tissue upon proadipogenic stimuli ( Figure  1A and 1B). Recently, resident adipogenic progenitor cells have been identified in adipose vasculature using a transgenic mouse model expressing green fluorescence protein under the control of the peroxisome proliferator-activated receptor gamma (PPARγ) promoter, which was then utilized for lineage tracing analyses (Tang et al., 2008) . Multiple groups have shown that PPARγ is required for normal adipogenesis and induces adipogenic transdifferentiation from non-adipogenic cell types including primary myoblasts and bone marrow-derived progenitor cells, along with terminal differentiation of preadipocyte 3T3-L1 cell lines into adipocytes (Tontonoz et al., 1994; Hu et al., 1995; Crossno et al., 2006; Yu et al., 2006; Seale et al., 2008) . Interestingly, Walkey and Spiegelman et al. (2008) found that the ligand-binding domain of PPARγ is not required for adipogenesis (Walkey and Spegielman, 2008) . A mutant PPARγ (Q286P), which lacks ligand binding capability, was shown to be comparable to the wild type PPARγ for generating fat pads in mice when the genetically manipulated fibroblasts were subcutaneously injected, suggesting a ligand-independent form of adipogenesis (Walkey and Spiegelman, 2008) . It will be interesting to know if adipogenesis from non-adipogenic cell types (e.g., MSC and primary myoblasts) is also independent of ligand binding to PPARγ. Retinoic acid receptor beta (RARβ) is also known to be involved in retinoic acid (RA) induced adipogenesis of differentiating mES cells ( Figure 1A ), which require active glycogen synthase kinase 3 (GSK3) (Monteiro et al., 2009) . GSK3 inhibits activation of the Wnt pathway, which leads to terminal differentiation of preadipocytes into adipocytes (Ross et al., 2000; Bennett et al., 2002; Christodoulides et al., 2006) . However, it is of interest to note that the inhibition of the Wnt pathway is not necessary for RARβ/active GSK3-induced adipogenic differentiation of mES cells. Treatment with the synthetic glucocorticoid, dexamethasone, is pro-adipogenic in the differentiation of both human and mouse preadipocyte models (Tomlinson et al., 2006) . Indeed, RARβ and GR are constitutively expressed during differentiation process of 3T3-L1 cells (Fu et al., 2005) . This indicates that the control of ligand availability may be more crucial than regulation of receptor expression for certain NRs in adipogenic regulation.
Several NRs are also known for their ability to antagonize adipogenic differentiation, including androgen receptor (AR), chicken ovalbumin upstream promoter transcription factor (COUP-TF) β, vitamin D receptor (VDR), and the NR4A subfamily members known as nerve growth factor induced gene B (NGFI-B), neuron-derived orphan receptor 1 (NOR1), and nur-related factor 1 (NURR1). A role for these NRs during adipogenesis was first revealed by a comprehensive survey of their distinct patterns of expression during the 3T3-L1 differentiation (Fu et al., 2005) . Subsequently, AR expression was shown to inhibit adipogenic differentiation of human mesenchymal stem cells (MSC) and 3T3L1 cells in the presence of testosterone, a physiological ligand for AR (Singh et al., 2006) . Similarly, recent studies characterized COUP-TFβ as a potent suppressor of adipogenesis, where it plays an important role in developing white adipose tissue through its inhibition of Wnt signaling pathway (Xu et al., 2008; Li et al., 2009) . Both AR and COUP-TFβ expression are also relevant to myogenic differentiation. VDR activation inhibits adipogenic differentiation by suppressing the expression of pro-adipogenic genes such as CCAAT enhancer binding protein (C/EBP)α, PPARγ, and sterol regulatory element binding protein 1 in mouse 3T3-L1 preadipocyte cells (Kong and Li, 2006) . Similarly, Blumberg et al. (2006) found that VDR activation inhibits C/EBPβ expression and induces the expression of eight twentyone/myeloid translocation gene (ETO/MTG), which further inhibits the action of C/EBPβ (Blumberg et al., 2006) . In addition, VDR activation inhibits adipogenic differentiation of murine bone marrow stromal cells by suppressing the expression of dickkopf-1 and secreted frizzled-related protein 2, which are negative regulators for the canonical Wnt signaling pathway (Cianferotti and Demay, 2007) . Recent studies revealed that NR4A members inhibit adipocyte differentiation, and interestingly, this NR4A-mediated adipogenic inhibition could not be reversed by the overexpression of PPARγ (Au et al., 2008; Chao et al., 2008) .
The NR expression profile study mentioned above identified numerous other NRs previously uncharacterized in adipogenesis (Fu et al., 2005) . Included in this list were reverse (rev)-erbα and rev-erbβ, retinoic acid-related orphan receptor γ, COUP-TFα and γ, germ cell nuclear factor (GCNF), retinoid X receptor β, and testicular orphan receptor (TR) 2 and 4 (Fu et al., 2005) . The role of these NRs in modulating adipogenesis should be an interesting avenue of future investigation.
Myogenesis
As might be expected from its anabolic role in development, AR has been implicated in muscle differentiation. Dihydrotestosterone treatment promoted myogenic differentiation (Singh et al., 2003; Gupta V et al., 2008) . These effects of testosterone and dihydrotestosterone on myogenesis and adipogenesis were antagonized by the anti-androgen, bicalutamide (Singh et al., 2003) (Figure 1B ). Further investigation of AR-mediated myogenic differentiation revealed a molecular mechanism by which liganded AR interacts with beta-catenin and T-cell factor 4 (TCF-4), leading to activation of the myogenic differentiation program in multipotent C3H 10T1/2 cells (Shang et al., 2007; Singh et al., 2009) . This suggests that AR plays an important role in fate determination of MSCs both in adipogenic and myogenic differentiation.
COUP-TFβ is known to be important in skeletal muscle development (Lee et al., 2004) . This orphan NR inhibits myogenic differentiation of mouse C2 myogenic cells by decreasing MyoD expression, which is required for myogenic differentiation (Bailey et al., 1998) . Similarly, decreased expression of the myogenic determination factor myogenin is observed in COUP-TFβ mutant embryos compared to wild type littermates (Lee et al., 2004) . Thus, COUP-TFβ appears to play an important role in maintaining undifferentiated myogenic cells by inhibiting myogenic differentiation (Lee et al., 2004) .
Chondrogenesis
Chondrogenesis is a process that forms cartilage from mesenchymal tissues and also involves multiple NR functions as shown in Figure 1B (Tsonis, 1991; Akiyama et al., 1996; Derfoul et al., 2006; Kafienah et al., 2007) . While VDR activation induces chondrogenesis in cultures of chick embryo limb bud mesenchymal cells (Tsonis, 1991) , treatment with VDR agonists inhibits cell growth and chondrogenesis of a clonal chondrogenic ATDC5 cells (Akiyama et al., 1996) . This suggests that VDR modulates chondrogenic differentiation in a tissue specific manner. Glucocorticoid treatment induced chondrogenic differentiation from human bone marrow-derived mesenchymal stem cells (Derfoul et al., 2006) . Functional inhibition of RARα and RARβ using synthetic antagonists resulted in chondrogenesis of human bone marrow mesenchymal population in 3D matrix culture (Kafienah et al., 2007) . Interestingly, the RAR-mediated chondrogenic regulation is independent of the canonical chondrogenic pathway involving sry-related high-mobility-group box (Sox) transcription factor SOX9 (Kafienah et al., 2007) .
NRs in hematopoietic stem cells Osteoclastogenesis
NRs are known for their role in the differentiation of bone marrow-derived hematopoietic stem cells (HSCs) and for the HSC repopulation ( Figure 1B) . Long term treatment of rosiglitazone, a PPARγ agonist, is known to increase circulating bone marrow-derived mesenchymal and hematopoietic progenitor cells (Crossno et al., 2006) . This PPARγ agonist treatment seems to mobilize MSC differentiation into a more adipogenic pathway, which results in reduced osteoblast differentiation (Akune et al., 2004; Crossno et al., 2006; Shockleyet al., 2009) . On the other hand, the increased population of hematopoietic progenitors by PPARγ activation appears to induce osteoclastogenesis. Wan et al. (2007) recently demonstrated that osteoclast differentiation required PPARγ activation to directly regulate expression of c-fos, an important mediator in osteoclastogenesis ( Figure 1B) (Wan et al., 2007) . The authors also provided evidence of osteoclastogenesis occurring from the hematopoietic rather than the mesenchymal lineage (Wan et al., 2007) . Similarly, VDR signaling in chondrocytes was shown to promote osteoclastogenesis (Masuyama et al., 2006) . In addition to being involved in HSC proliferation and osteoclastogenesis, PPARγ also directs lineage-specific differentiation of human monocytes into an anti-inflammatory M2 phenotype (Bouhlel et al., 2007) . Furthermore, several studies have shown that the RA signaling pathway is involved in maintaining the HSC population (Purton et al., 2006; Safi et al., 2009) . Interestingly, RAR gamma (RARγ) null bone marrow lost its repopulating capacity, which resulted from a reduced HSC population and increased numbers of more differentiated sub-progenitor cells (Purton et al., 2006) (Figure 1B ).
NRs in neural stem cells Neurogenesis
To generate an expression atlas of the NR superfamily in adult mouse brain, the expression profile of all 49 mouse NRs has been investigated by quantitative and anatomical means using quantitative real-time PCR (QPCR) and in situ hybridization techniques in 104 brain regions (Gofflot et al., 2007) . From this study, use of the in situ hybridization assay revealed that most of the NR members (36 out of 47 surveyed NRs) are expressed in the dentate gyrus, which is known to be associated with memory and neurogenesis in the hippocampal region. Some NRs (e.g., RARs, TLX, GCNF, TRs, PPARγ, GR, ER, and NURR1) have been relatively well-studied in neurogenesis or neural differentiation. RA-mediated activation of both RARα and RARβ induces proliferation and differentiation of adult forebrain neural progenitor cells (Goncalves et al., 2009 ). Presumably 9-cis RA, a known physiological ligand for the RXRs, is also involved in homeostatic regulation of neural progenitor cells through RXRs (Aberg et al., 2008) . Of particular interest, expression of RXRγ is restricted to the dentate gyrus granule cells (Gofflot et al., 2007) , together with tailless homolog orphan receptor (TLX) which will be discussed in detail for its functional role in neurogenesis (see below). From a mechanistic perspective, Jepsen et al. (2007) recently proposed a potential molecular mechanism by which RAR activation leads to neuronal differentiation of NSC by releasing the co-repressor SMRT from promoter of the histone demethylase JMJD3. De-repression of JMJD3 expression via the retinoid pathway induces activation of the neurogenic program (Jepsen et al., 2007) .
Multiple studies have shown that GCNF is critical for neuronal differentiation (Sattler et al., 2004; Chung et al., 2006; Akamatsu et al., 2009) . A recent study showed that fate determination of primitive NSCs into non-neural tissues and definitive NSCs involves GCNF repressing Oct3/4 expression by recruitment of complexes that methylate promoter DNA (Akamatsu et al., 2009 ) (see below).
TLX expression begins at embryonic day 8 and is high in adult brain but low in other peripheral tissues (Monaghan et al., 1995; Bookout et al., 2006) . Further functional studies have shown that TLX plays an important role in maintaining proliferation and undifferentiated status of adult neural stem cells in the subventricular zone and the dentate gyrus of the adult brain (Shi et al., 2004; Liu et al., 2008) . In a knock-out mouse model that specifically ablated TLX expression in the subventricular zone, Liu et al. identified astrocyte-like B cells as TLX expressing neural stem cells from GFAP positive glial cells in which TLX is required (Liu et al., 2008) . Indeed, TLX regulates cell cycle progression during neural development in the embryonic brain (Li et al., 2008) . Knock-out of TLX expression in neural stem cells of the ventricular zone results in a reduced size of the zone, due to induction of p21 and PTEN expression in the E14.5 mouse brain (Li et al., 2008) . In addition to the general function of TLX in maintaining embryonic and adult neural stem cells, TLX-positive neural stem cells have been shown to play physiologically important functions in learning and behavior (Zhang CL et al., 2008) . The specific suppression of TLX expression in the adult mouse brain accompanied reduction of adult stem cell proliferation and resulted in impaired cognitive functions (e.g., spatial learning and memory) but not other behavior disorders such as locomotion activity and contextual fear conditioning. This suggests a distinctive role for TLX in regulating neurogenesis into functionally specialized neurons. Other NRs including PPARγ, thyroid hormone receptors (TR), GR, estrogen receptors (ER), and NURR1 have also been shown to regulate neural stem cells. PPARγ is highly expressed in embryonic mouse brain and neural stem cells but not in adult mouse brain, suggesting a specific role of PPARγ in embryonic neural development. PPARγ activation appears to maintain NSC populations in embryonic mouse brains by inducing NSC proliferation through the epidermal growth factor receptor and ERK pathway, but inhibits NSC differentiation into neurons via STAT3 activation (Wada et al., 2006) . However, treatment with the PPARγ agonist 15-deoxy-PGJ(2) promotes neuronal differentiation of PC12, a cell line derived from rat adrenal medulla. Interestingly, the same group of researchers proposed that 15-deoxy-PGJ(2) induced differentiation of embryonic midbrain cells into dopaminergic neuronal cells is JNK activation-dependent (Park et al., 2004) . This neuronal differentiation of embryonic midbrain cells might be due to the pleiotropic effects of 15-deoxy-PGJ(2), even though it may also function as a physiological ligand of PPARγ.
Thyroid hormone is known to regulate hippocampal neurogenesis in the adult rat brain (Ambrogini et al., 2005; Desouza et al., 2005) . Although both isoforms of thyroid hormone receptors (α and β) are expressed in the dentate gyrus of adult brain, TRα, but not TRβ, was found to be expressed in nestin-positive neural progenitor cells in the subventricular zone. A further molecular study demonstrated that TRα is necessary for NSC proliferation (Lemkine et al., 2005) . It has been reported that ERβ contributes to the normal neuronal development (Wang et al., 2001) . Indeed, ERβ but not ERα is consistently expressed in the dentate gyrus of the mouse brain (Gofflot et al., 2007) . In contrast to the previously discussed NRs, embryonic NSC proliferation is inhibited by GR activation, which induced ubiquitin-mediated cyclin D1 degradation (Sundberg et al., 2006) . However, treatment with a GR antagonist reduced adult hippocampal neurogenesis (Mayer et al., 2006) . Intriguingly, this suggests an opposing role for GR in regulating neurogenesis between the embryo and the adult. On the other hand, treatment with the ER agonist 17β-estradiol significantly decreased NSC proliferation in the adult rat brain but had marginal effects in embryos stimulated by EGF treatment, suggesting that GR and ERβ might coordinate opposite events in the development of the embryo and the adult brains (Brannvall et al., 2002) . Furthermore, 17β-estradiol treatment promoted terminal differentiation of human NSC into dopaminergic (DA) neurons (Kishi et al., 2005) . Similarly, NURR1 is known to be responsible for terminal differentiation of meso-diencephalic (mdDA) neurons into a DA phenotype (Blin et al., 2008; Jacobs, et al., 2009) . By signaling through heterodimeric partner RXRs, NURR1 plays an important role in developing dopaminergic neuron (Wallen-Mackenzie et al., 2003; Perlmann and Wallen-Mackenzie, 2004) . The paired-like homeobox transcription factor Pitx3 replaces the SMRT-HDAC complex bound to NURR1, which sequentially induces de-repression of NURR target genes resulting in terminal differentiation of mdDA neurons (Jacobs et al., 2009) .
Transdifferentiation
Beyond the lineage determination roles of the progenitor cells, some NRs function in the cellular plasticity that physiologically switches one cell type into another. For example, activation of PPARδ induces switching of skeletal muscle fibers from type II (fast/glycolytic) to type I (slow/oxidative) (Wang et al., 2004) . However, this particular NR seems to repress C2C12 myoblast to myogenesis and transdifferentiation of cardiac fibroblast to myoblast. This myogenic repression potentiates adipogenic transdifferentiation during a subsequent treatment with PPARγ ligand (Holst et al., 2003; Teunissen et al., 2007) . Likewise, the function of PPARγ in transdifferentiation has been elucidated by identifying multilocular adipocytes differentiated from bone marrow-derived progenitor cells. To identify potential non-adipocyte progenitor cells differentiating into adipocytes, an in vivo transplantation technique was performed where whole bone marrow cells expressing green fluorescence protein from transgenic mice were transferred into wild type littermates, and put on a high-fat diet or treated with the PPARγ ligand, rosiglitazone (Crossno et al., 2006) . This study revealed that bone marrow-derived circulating progenitor cells are differentiated into the multilocular adipocytes (Crossno et al., 2006) . In addition, PPARγ induces transdifferentiation of myocytes into adipocytes (Holst et al., 2003; Yu et al., 2006) . This could be due to the function of PRDM16 as a binding partner of PPARγ. PRDM16 is involved in transdifferentiation between brown fat cells and skeletal myoblasts. PRDM16 mediated adipogenic conversion of primary myoblasts and C2C12 cells is dependent on PPARγ activation, as demonstrated by Pparγ-deficient fibroblasts which are unable to promote adipogenesis (Seale et al., 2008) . Taken together, NRs play multiple roles in stem cell biology to maintain body homeostasis, including lineage specification, guiding terminal differentiation from tissue-specific progenitor cells, and fate switching into functionally different cell types.
Embryonic stem cells
Numerous studies on the factors involved in regulation of the pluripotent state of ES cells have revealed a role for diverse transcription factors, including subsets of NRs. These NRs are mostly involved in regulating the expression or activity of primitive factors such as Oct3/4, Nanog, or Klf4, or vice versa, in ES cells upon stimulating with differentiation signals. For example, dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome, gene 1 (DAX-1) is expressed in both human and mouse ES cells and was identified in the expanded transcriptional regulatory network of Nanog from a protein interaction study (Wang et al., 2006; Kim et al., 2008; . Indeed, DAX-1 mRNA expression is regulated by Oct3/4 together with the STAT3 transcription factor , potentially contributing to the stemness of ES cells. Liver receptor homolog 1 (LRH1) is known to be co-localized with Oct3/4 in the inner cell mass and at the epiblast embryo stage of mouse. Bioinformatics analysis also identified LRH-1 in the genetic regulatory network maintaining the stemness of ES cells, together with Oct3/4, Sox2, and estrogen-related receptor beta (ERRβ) (Gu et al., 2005a; Zhou et al., 2007) . Gu et al. (2005a) showed that LRH-1 is required for maintaining Oct3/4 expression in ES cells and the epiblast stage of mouse embryo (Gu et al., 2005a) . Along with LRH1, ERRβ also plays an essential role in maintaining mouse ES cells. Protein interaction of Nanog with ERRβ on the promoter of Oct3/4 induces its expression, which in turn is involved in DAX-1 expression with STAT3 Zhang X et al., 2008) . In addition, a complex of ERRβ and Oct3/4 augments Nanog expression in mouse ES cells (van den Berg et al., 2008) . More interestingly, the physiological function of ERRβ has been recently demonstrated in the reprogramming of mouse fibroblasts to iPS cells, where ERRβ is coordinately involved in conjunction with Oct3/4 and Sox2 (Feng et al., 2009) .
In contrast to the functional roles of LRH1 and ERRβ in maintaining stemness of ES cells, GCNF and RARs promote ES cell differentiation. As mentioned earlier, RA treatment induces neural differentiation of ES cells, which further promotes neuronal maturation but suppresses neuronal cell proliferation (Kim M et al., 2009) . A recent finding suggests a potential molecular mechanism of RA action by which the expression of a subset of microRNAs (e.g., miR-134, miR-296, and miR-470) is induced by treatment with a vitamin A derivative. These microRNAs subsequently target Nanog, Oct3/4, and Sox2 leading to translational inhibition in mouse ES cells (Tay et al., 2008a) . Furthermore, RA-induced miR134 attenuates both Nanog and LRH-1 expression, which are positive regulators for Oct3/4 expression, resulting in differentiation of ES cells into the ectodermic lineage (Tay et al., 2008b) . Alternatively, RA-mediated Oct3/4 suppression involves sequential events of phosphorylation of TR2, recruitment of the nuclear protein PML, and sumoylation of TR2 that completes a complex that together recruits the co-repressor RIP140 to the Oct3/4 promoter (Park et al., 2007; Gupta P et al., 2008) . Using GCNF -/-ES cells, it has been shown that GCNF is required for repressing pluripotent genes in the RA-induced ES cell differentiation (Gu et al., 2005b) . This suggests that RA acting through RARs, and GCNF might coordinate neural differentiation of ES cells in development.
Functional studies of these individual NRs in ES cells opens the possibility that other NRs potentially could be associated with regulation of stemness and differentiation of ES cells. To address this question, expression profiling of the entire NR superfamily was systematically carried out using QPCR in human and mouse ES cells . This study surveyed not only basal expression in ES cells but also expression kinetics of the entire NR superfamily during embryoid body formation. Strikingly, a substantial interspecies difference in the expression patterns for many NRs was uncovered. Although this difference could be attributed to different culture conditions or cell growth rates for mouse vs. human ES cells, a separate study found no difference in global gene expression profiling of both human and mouse ES cells in different culture conditions (Ginis et al., 2004) . Of particular interest, among the NRs discussed above (DAX-1, ERRβ, GCNF, LRH-1, and RARs), only GCNF and RARγ exhibited similar patterns of expression in mouse and human undifferentiated ES cells and during early embryoid body formation. Surprisingly ERRβ was found to be exclusively expressed in mouse ES cells and during embryoid body formation process, but was not detectable in two human ES cell lines. In previous studies, both genetic and pharmacological mouse models have identified an important role for ERRβ in trophoblast differentiation and placenta formation (Luo et al., 1997; Tremblay et al., 2001; Chen and Nathans, 2007) . Thus, of several fundamental differences between human and mouse in early development, placental formation is a prominent one that could be responsible at least partly for the interspecies differences observed in ERRβ expression (O'Rahilly and Muller, 1981; Hogan, 1994; Carter, 2007) . Together, these studies suggest that subsets of NRs play a critical yet species-specific role in maintaining pluripotency and regulating differentiation of ES cells. How this should be taken into account when mouse models are used as a basis to understand human pathway will require further investigation.
Perspective
Although its clinical potential has been established under some circumstances, research on ES cells is accompanied by ethical concerns. The study on iPS cells initiated by Takahashi and Yamanaka (2006) has shed light on use of these cells as a potential alternative for ES cells (Takahashi and Yamanaka, 2006) . While this work identified the core transcriptional factors necessary for reprogramming differentiated somatic cells into iPS, it also highlighted the importance of developing a safer delivery means for delivery of genetically expre-ssed materials (Stadtfeld et al., 2008b; Kaji et al., 2009; Woltjen et al., 2009; Yu et al., 2009) . In addition to genetic strategies for acquiring iPS cells, pharmacological approaches are also conceivable. In this regard, certain members of the NR superfamily may be of particular interest because they are ligand-activated transcription factors involved in differentiation and maintenance of various stem cells types. The comparative profiling of NRs in human and mouse (where most ES cell work has been done) has also stressed the need for more studies comparing these two species. For example, a recent study has implicated an important role of ERRβ in inducing iPS cells from mouse fibroblasts (Feng et al., 2009) . However, potential involvement of ERRβ in the genetic reprogramming process in human ES cells needs further investigation, since expression profiling showed no expression of ERRβ in human ES cells . It would also be important to know which NRs are involved in forward differentiation of ES cells and reverse differentiation of somatic cells. These questions will need to be addressed to define NR-associated transcriptional programs that maintain body cell homeostasis, and to direct the pharmacological utility of NR ligands in stem cell clinical applications.
